Langmuir monolayers of fractions of cork suberin extract by Timmons, A. Barros et al.
  Universidade de São Paulo
 
2010-09
 
Langmuir monolayers of fractions of cork
suberin extract
 
 
Colloids and Surfaces B,Amsterdam : Elsevier,v. 79, n. 2, p. 516-520, Sept. 2010
http://www.producao.usp.br/handle/BDPI/50082
 
Downloaded from: Biblioteca Digital da Produção Intelectual - BDPI, Universidade de São Paulo
Biblioteca Digital da Produção Intelectual - BDPI
Departamento de Física e Ciências Materiais - IFSC/FCM Artigos e Materiais de Revistas Científicas - IFSC/FCM
Colloids and Surfaces B: Biointerfaces 79 (2010) 516–520
Contents lists available at ScienceDirect
Colloids and Surfaces B: Biointerfaces
journa l homepage: www.e lsev ier .com/ locate /co lsur fb
Short communication
Langmuir monolayers of fractions of cork suberin extract
A. Barros-Timmonsa,∗, M.H. Lopesa, C. Pascoal Netoa, A. Dhanabalanb, O.N. Oliveira Jr. b
a CICECO and Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal
b Instituto de Física de São Carlos, U.S.P., CP 369-13560-970 São Carlos, SP, Brazil
a r t i c l e i n f o
Article history:
Received 11 February 2010
Received in revised form 12 April 2010
Accepted 12 April 2010
Available online 2 May 2010
Keywords:
Langmuir monolayers
Suberin
Cork
a b s t r a c t
Thewide variability in composition andmolecularweight of natural polymers has hamperedunderstand-
ing of their physicochemical properties and ultimately their use in noble applications, especially in the
caseswhere surface properties need to be probed at themolecular level. A useful approach to analyse data
from surface monolayers of complex mixtures is to try distinguishing the effects from the distinct frac-
tions in suchmixtures. The cork suberin extract investigatedhere is known to contain aliphaticmonomers
with terminal carboxylic acid andmethyl ester groups aswell as long esteriﬁed aliphatic chains dispersed
in a polymeric aliphatic matrix. The role of such terminal groups was studied and the results showed that
depending on the nature of the terminal groups the monolayers present distinct isotherms due to the
different interactions with the water subphase. Fractionation strategies based on different solubilities of
the cork suberin components in chloroform were also employed to probe their effect on the monolayer
characteristics. From the two sets of experiments it is clear that the presence of monomers with terminal
carboxylic acids in the suberin extract affects considerably the monolayer-forming ability. This approach
may be used as a complementary, relatively simple route to assess suberin genetic engineering strategies
towards resistance to environmental stress.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
There has been a search in recent years for more noble appli-
cations of natural polymers and macromolecules motivated by the
increasingneed todevelopenvironmentally-friendlyprocesses and
products, which is illustrated by extensive research into cellulose,
chitosan, lignins, suberins and humic substances, to name just a
few [1–3]. A variety of properties can be exploited in such materi-
als, includingbiodegradability andbiocompatibility, but anobvious
difﬁculty, particularly for those having complex structures, lies in
the need to establish structure–function relationships, particularly
at the molecular level. In this context, the Langmuir monolayer
technique, which is normally used to study monolayers at the
air–water interface of synthetic amphiphilic polymers and fabri-
cate Langmuir–Blodgett (LB) ﬁlms for a variety of applications [4,5],
has also been used to study complex natural polymers such as
lignin and cellulose [6–9]. Langmuir ﬁlms, however, have not been
used in studies of suberin extracts – to the best of our knowledge.
Suberin is the main component of cork, the outer bark of Quer-
cus suber L. tree, contributing to about 40% of its dry weight [10].
Although the structure of suberin is not yet fully understood, it
is now established that it is a biopolyester composed mainly by
∗ Corresponding author. Tel.: +351 234370708; fax: +351 234370084.
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aliphatic chains and minor amounts of aromatic structures such as
ferulic acid [11–14]. A structural model proposed by Lopes et al. for
cork suberin and its organisation in cork cell wall is shown in Fig. 1
[11]. More recently, Grac¸a and Santos proposed a model in which
long alkyl chains would be anchored to polyaromatics [15]. In situ
suberin is a macromolecular network insoluble in all solvents. It
can however be decrosslinked by chemical processes via cleavage
of esters bonds [10,11,16,17]. The most common method involves
alkaline alcoholysis.
Previous work carried out in our laboratory indicated that
cork suberin extracts consist of a complex mixture containing
ca. 30% of monomeric compounds such as aliphatic -hydroxy
acids, diacids and fatty acids, with chain lengths of C16–C26 (see
Table 1), and a remaining fraction of higher molecular mass struc-
tures (>1000gmol−1) [11,16].Moreover,microscopic studies using
polarised light showed that a substantial portion of cork suberin
extract has a microcrystalline character which confers its viscous
behaviour that is both plastic and tixotropic at room tempera-
ture [18]. This behaviour is thought to be due to the interactions
between the molecules in the liquid phase and the microcrys-
tals suspended in it [18]. These features may ﬁnd application as
property-enhancing additives in the optical quality of coating sur-
faces or as rheology modiﬁers [19]. Other applications for suberin
or knowledge derived from suberin depolymerisation studies may
include the use in adhesives, printing inks [20], building blocks for
polymers with novel architectures [21], improvement of resistance
0927-7765/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Fig. 1. Proposed model for the structure of cork suberin [11].
Reprinted with permission from J. Agric. Food Chem., 48, 383. Copyright 2000
American Chemistry Society.
of crop plants [22,23] and as anti-ageing, smoothing product for the
human skin [24].
Understanding the surface properties of suberin extract may
therefore be rewarding not only in terms of furthering knowledge
of its physicochemical properties but also of allowing new appli-
cations. Due to the amphiphilic nature of the suberin extract the
Langmuir monolayer technique appears to be promising to obtain
further insight into its surface properties at the molecular level,
which has prompted us to report the monolayer results to be pre-
sented here. We build upon our experience with lignins, in which
we found essential to identify the contributions from the various
material components to the properties of the ﬁnal ﬁlm properties
[8]. Accordingly, we have manipulated the suberin extract with
chemical treatments and fractionation methods to obtain com-
ponents that were rich in carboxylic acids or methyl esters, of
different molecular weights, and investigated the ﬁlm properties
of the suberan, a highmolecularweight non-hydrolysable aliphatic
fraction of suberin [25]. The main purpose of the present work is
therefore to identify which components of suberin are responsible
for its surfactant properties.
2. Experimental
The methods used for cork suberin extraction were already
described elsewhere [11]. Basically it involves the depolymerisa-
tion of suberinwith adrymethanolic solutionof sodiummethoxide
followed by acidiﬁcation and extraction of the depolymerisation
products with chloroform. This extract is hereafter designated as
“suberin extract”. The identiﬁcation and quantiﬁcation of suberin
Table 1
Average monomeric composition of suberin extract obtained by alkaline methanol-
ysis of cork (as for sample 1). Determined by GC–MS as % area of the methyl ester
trimethylsilyl ether derivative peaks [11].
Monomers of the suberin extract %
Alkanoic acids (C16–C24) 2.6
,-Alkanedioic acids (C16–C24) 17.3
-Hydroxyalkanoic acids (C16–C24) 34.2
Mid-chain substituted -hydroxyalkanoic acids (C16–C20) 29.6
Mid-chain substituted alkanedioic acids (C18) 10.3
1-Alkanols (C16–C26) 4.7
Ferulic acid 1.3
Yield of GC–MS analysis (w/w) 29
monomers was carried out by gas chromatography in tandem
with mass spectrometry (GC–MS) of the methyl ester trimethylsi-
lyl ether derivatives, as described in detail elsewhere [11]. Gel
permeation chromatography (GPC) was performed with a Waters
Instrument connected to a Model 440 Absorbance Detector at
254nm. A PLGel (5) pre-column was followed by three PLGel
columns series: 103 Å (5); 500Å (10); 100Å (10m). Tetrahy-
drofuran (THF) was used as eluent with a ﬂow rate of 1mlmin−1
at 25 ◦C. Polystyrene (68,000, 28,000, 12,500, 7600, 3700, 1800,
1050, 580, 160) and ethyl benzene (106) were used as standards.
Ultrapure water supplied by a RO60 Millipore ﬁlter connected to
a Milli-Q system was used to prepare the subphase solution with
CdCl2, 4×10−4 M, whose pH was maintained at 6.0 by addition
of a sodium bicarbonate solution (5×10−5 M). The resistivity of
the ultrapure water was 18.2M cm, while its surface tension
was 73.2mNm−1. Monolayer studies were carried out in a Nima-
611D trough (with dimensions of 25 cm vs 20 cm) placed in a
class – 10000 clean room at 22 ◦C and relative humidity of 60%.
Suberin extracts and its fractions were dissolved in a mixture of
THF (Merck, 88%) and chloroform (Merck, HPLC grade) (4:96 by
volume). The typical concentration used was about 0.4mg/ml. The
solutions were spread at the water surface and upon evaporation
of the solvent (during 5min) the monolayers were compressed
at 30 cm2/min. The surface pressure was measured with a Wil-
helmy plate. In the surface pressure (c) vs area isotherms, the
mean molecular area axis is based on the weight average molecu-
lar masses (Mw) determined by GPC. In Fig. 4 the area of the mixed
monolayer was calculated using the Mw of sample 5 and the Mw
of stearic acid (octadecanoic acid) which were both determined by
GPC for the purpose of comparison. These components were used
in a ratio of 50:50.
3. Results and discussion
The rationale behind the choice of experiments with Langmuir
monolayers of suberin was based on the ﬁnding that for com-
plex natural polymers important information is obtained from the
effects of different functional groups comprising the polymer [8].
We have therefore manipulated the suberin extract to be able to
identify these effects, as will be explained below.
The suberin extract, referred to as sample 1, was obtained from
alkaline methanolysis of a cork sample previously treated with
organic solvents to remove the very low molecular mass com-
pounds, as described elsewhere [11]. The alkaline methanolysis of
cork should yield a mixture of aliphatic monomers containing ter-
minal free carboxylic acids and terminal methyl esters since the
methanolysis conditions were not completely anhydrous. In addi-
tion, it was shown previously that under the conditions used the
depolymerisation of suberin was not completed and some of the
suberin long aliphatic chains in the extract consist of oligomers
linked via ester bonds [26]. The GC–MS analysis showed that 90%
of sample 1 correspond to alkanedioic acids and hydroxyalkanoic
acids (see Table 1).
In order to probe the effect of the terminal methyl ester and
carboxylic acid groups at the air–water interface, a portion of the
suberin extract was hydrolysed using H2SO4/methanol to yield
sample2, and another portionwasmethylatedusingdiazomethane
to produce sample 3. These samples were characterised by FTIR
spectroscopy. The FTIR spectrum of sample 1 showed a strong
broad band with a shoulder, between 1730 and 1708 cm−1 (ı C O,
COOCH3 and COOH), while the spectrum of sample 2 showed a
small band at 1730 cm−1 and a sharp intense band at 1708 cm−1 (ı
COOH) which shifted to 1511 cm−1 (ı COO−) upon treatment with
N(CH2CH3)3. This conﬁrms that the latter bandwas due to carbonyl
groups of carboxylic acids. Finally, the FTIR spectrum of sample
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Fig. 2. (a) Surface pressure vs area isotherms of sample 1 (suberin extract): monolayer compressed immediately after solvent evaporation and monolayer submitted to a
compression-expansion cycle at 15 cm2/min before compression up to collapse. (b) Surface pressure vs area isotherms of sample 2 (hydrolysed suberin) submitted to two
compression-expansion cycles at 15 cm2/min before compression up to collapse. (c) Surface pressure vs area isotherms of sample 3 (methylated suberin) submitted to two
compression-expansion cycles at 15 cm2/min before compression up to collapse. Subphase: aqueous solution of CdCl2, 4×10−4 M.
3 showed a single strong band at 1729 cm−1 (ı C O, COOCH3).
Therefore, we can conclude that the treatments mentioned above
ensured the complete hydrolysis and methylation of the terminal
carboxylic groups in the original suberin extract, respectively. In
other words, sample 1 (the suberin extract) has a mixture of termi-
nal carboxylic acids and methyl esters, sample 2 contains mainly
terminal carboxylic acids and sample 3 contains mainly terminal
methyl esters.
The surface pressure isothermsof a variety of amphiphilicmate-
rials can be interpreted in terms of the interactions among the
ﬁlm-forming molecules and with the water subphase, which then
means that polar groups may have strong effects. For example, the
presence of polar groups in the hydrophobic part of the molecules
generally leads to very expanded isotherms, with non-zero sur-
face pressures at large areas per molecule. In contrast, condensed
isotherms are obtained for strong polar groups at the headgroups
with hydrophobic moieties in the non-polar part of the molecule.
It is also known that a terminal carboxylic acid group interacts
more strongly with the water subphase than a terminal methyl
ester group does, which means that it should lead to a more
condensed stable monolayer. Indeed, upon investigating bipolar
compounds with a carboxylic group and an ester group at the
end of a long aliphatic chain, Vogel and Möbius [27] showed that
upon compression the carboxylic group remains anchored on the
water surface whereas the ester group is pushed out from the
interface at high surface pressures. The isotherms obtained for
samples 1, 2 and 3 shown in Fig. 2(a) through (c) are consistent
with this expectation. Such isotherms were obtained by spreading
80l of a THF:chloroform solution (4:96) from each sample at the
air–water interface. The subphase used in these studies contained
CdCl2, whose ions allow the formation of cadmium salts leading to
more stable monolayers [4,5]. The isotherms were recorded after
waiting 5min for solvent evaporation. Sample 2 (Fig. 2(b)) con-
taining mainly terminal carboxylic groups has the most condensed
isotherm, as expected from the discussion above. Sample 3, on
the other hand, leads to an isotherm in Fig. 2(c) that is typical of
an expanded liquid monolayer with no well-deﬁned condensed
region, since it contains mainly the less polar terminal methyl ester
groups. Indeed, the risingof surfacepressure at the initialmolecular
area may be due to the hydrophobic nature of this sample.
The suberin extract, sample 1, displays a behaviour rather sim-
ilar to sample 2, as can be seen by comparing Fig. 2(a) with (b)
and (c). Also observed was a clear improvement in the isotherm
proﬁle as well as a shift to smaller areas when the monolayer was
submitted toonepreliminary isocycleup to15mNm−1 before com-
pressing it to collapse, thus suggesting a monolayer rearrangement
for sample 1. This occurred to amuch less extent for sample 2, since
Table 2
Monomeric composition of the white precipitate (sample 4) determined by GC–MS
as % area of the methyl ester trimethylsilyl ether derivative peaks.
Monomers of the white precipitate %
Alkanoic acids (C22 and C24) 0.8
,-Alkanedioic acids (C20–C24) 90.1
-Hydroxyalkanoic acids (C22 and C24) 9.1
the stronger interaction of acids with the water subphase already
led to a more condensed monolayer. These results conﬁrm that the
alkaline methanolysis of cork yields essentially monomeric species
containing carboxylic acid groups.
Finally it is worth noting that the isocycles for all the samples
were very reproducible (Fig. 2(a–c)) which indicates that these
samples form stable monolayers at the water interface despite the
different hydrophobic/hydrophilic balance amongst the samples.
Another important parameter for the ﬁlm properties is the
molecular weight. To investigate this point, the suberin extract
in sample 1 was fractionated into two main fractions of distinct
molecular weights, as follows. Sample 1 was initially dissolved in a
minimumamountof chloroformand left in the freezer. Awhitepre-
cipitatewas collected (sample4). This processwas repeated several
timesuntil nomoreprecipitate couldbe isolated.Hexaneextraction
of the remaining solution led to the separation of a brown liquid
that yielded a viscous gum upon hexane evaporation (sample 5).
The white precipitate (sample 4) and the brown gum (sample 5)
were analysed by GC–MS and GPC. The quantitative GC–MS analy-
sis of the white precipitate (sample 4) indicates that it consists in a
mixture of,-alkanedioic,-hydroxyalkanoic and alkanoic acids,
of which 1,22-docosanodioic acid was found to be the major com-
ponent (Table 2). Also, GPC chromatograms indicate that the white
precipitate has a low molecular mass while the gum has a higher
and broader molecular mass distribution (see Fig. 3 and Table 3).
Stearic acid (octadecanoic acid)was also analysed byGPCunder the
same conditions in order to compare the relativemolecularmasses,
since its chemical structure is more related to the suberin fractions
than the polystyrene standards. Fig. 3 shows that stearic acid has
a lower molecular mass than sample 1 which is consistent with its
composition determined by GC–MS (Table 2).
Table 3
Average molecular masses of the samples studied by GPC.
Sample Mw (gmol−1)
Sample 1 2985
Sample 4 890
Sample 5 13,795
A. Barros-Timmons et al. / Colloids and Surfaces B: Biointerfaces 79 (2010) 516–520 519
Fig. 3. GPC chromatograms of samples 1, 4 and 5 compared with stearic acid.
The surface pressure isotherms for samples 1, 4 and 5 are shown
in Fig. 4. The one for sample 4 has a shape very similar to that
of a simple long-chain acid or methyl ester, but a larger area
per molecule for the fully packed monolayer, 50Å2, and a lower
collapse pressure c = 53mNm−1, when compared to the values
for stearic acid (A0 =20Å2 and c > 60mNm−1 [27]). The resem-
blance of sample 4 with simple alkanoic acids is probably due to
the separation of monomeric compounds with chloroform, namely
1,22-docosanedioic acid, affording a lower molecular weight frac-
tion. The collapse pressure is lower than expected because this
fraction of suberin consists essentially in a diacid. As regards the
high value of the minimum molecular area (50Å2), this could be
attributed to their diacid nature (rather than being monoacids) and
the higher molecular weight used in the calculation of A0, which
was determined by GPC (890gmol−1).
The nature of the high molecular weight non-hydrolysable
aliphatic fraction of cork suberin (sample 5) is not completely
Fig. 4. Surface pressure vs area isotherms of the samples 1, 4 and 5 and a mixed
monolayer consisting of sample 5 (suberan) and stearic acid (50:50).
understood [11,12,15]. A similar macromolecular fraction was pre-
viously detected in the periderm tissue of someangiospermspecies
and was named as “suberan” [25], which we shall adopt here
as well. The isotherm for sample 5 represents a liquid-expanded
monolayer, with a minimum area of ca. 600Å2 and a collapse pres-
sure of 22mNm−1. These results clearly suggest that this suberin
fraction could hardly establish any interaction with the water sur-
face and thus conﬁrm the hydrophobic nature of suberan which is
thought to be composed by long-chain aliphatic structures linked
viaglycerolunits [12,15].Despite the fact that someauthors suggest
that upon suberin depolymerisation the residue may contain sig-
niﬁcant quantities of aromatics some of which are associated with
lignin structures [15], notice should be made that the surface prop-
erties of sample 5 are signiﬁcantly distinct from those observed for
lignin samples [8].
When suberan was mixed with the amphiphilic stearic acid in
a 50:50 proportion, a procedure that is common for analysing the
behaviour of hydrophobic materials [28], the resulting isotherm
was essentially that of a monomeric fatty acid (stearic acid), with
only two major changes (see Fig. 4): (i) increase in the area per
molecule because of the suberan (sample 5) matrix and (ii) a kink
(or small plateau) at 22mNm−1, which is actually characteristic of
a stearic acid monolayer on a water subphase that has impurities
[29–31]. Here the impurities would not be in the water subphase,
aswehave checked that byperforming experiments onpure stearic
acid monolayers and did not notice any trace of impurity. The
isotherm characteristic of a stearic acid monolayer with impurities
would rather be due to the hydrophobic yet surface-active gum of
sample5 [14]. As a consequence, the interactions leading to the sur-
face pressure are basically those of a stearic acidmonolayer, but the
area occupied ismuch larger because stearic acid is dispersed in the
suberan. It is alsoworth noting that the ﬁrst section of the isotherm
is steeper than the isotherm of pure sample 5 which indicates that
the presence of free carboxylic acids leads to a signiﬁcant shift to
smaller molecular areas and to steeper isotherms, possibly due to
stronger interactions with the water surface via their carboxylic
groups.
Taken together, the results in Fig. 4 point to the monomeric
free carboxylic acids in the suberin extract (sample 1) being inti-
matelymixedwith thehighermolecularmass fraction (represented
by the suberan, sample 5). Moreover, it seems that in the natural
mixture the presence of fatty acids is responsible for the shift to
smaller areas. However, they do not cause a signiﬁcant rise of the
collapse pressure possibly due to the entanglement of their alkyl
chains in the polymeric network, thus preventing the formation
of a closely packed structure of the monolayer at the air–water
interface. Furthermore, the fact that a substantial part of the fatty
acids present in the suberin extract are diacids and hydroxyacids
whose amphiphilic nature is quite different from that of stearic acid
may also be responsible for the lower c of sample 1. Finally, the
isotherm obtained for sample 1 illustrates the intermediate nature
of this composite: it is relatively steep and its minimum molecular
area is similar to sample 4while its collapse pressure is low just like
that observed for sample 5. Moreover, this approach may be used
as a complementary, relatively simple route to assess suberin engi-
neering strategies to improve resistance to environmental stress, as
the degree of suberisation in root cell walls is an important mecha-
nism through which plants respond to environmental stimuli [23].
4. Conclusions
The present study showed that the suberin monomeric fatty
acids obtained by alkaline methanolysis of cork are mainly in
the free carboxylic acid form and not as methyl esters. More-
over, the study of monolayers of suberin fractions and of a mixed
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monolayer containing stearic acid (as a reference compound) and
the higher molecular mass polymeric suberin fraction (suberan)
clariﬁed that monomeric fatty acids are the suberin components
which contribute mainly to its amphiphilic nature, while suberan
is predominantly a non-amphiphilic, hydrophobicmacromolecular
fraction. To our knowledge this was the ﬁrst time that the higher
molecular mass fraction of cork suberin extracts was isolated and
its surface properties studied.
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